The rapid increase in the prevalence of childhood obesity and the concomitant rise in obesity-related medical morbidities and costs lend urgency to the need for new insights into the causes and potential preventive measures for this disease 1 . Mounting evidence supports the idea that the maternal environment can impart a lasting effect on the susceptibility of offspring to obesity and type 2 diabetes 2 . The arcuate nucleus of the hypothalamus (ARH) is a key component of the neuronal network regulating body weight, adiposity and glucose homeostasis, and recent studies suggest that the development of arcuate neurons may be sensitive to maternal metabolic status 3 . The discovery that ARH projections are influenced by leptin provided the first insight into potential mechanisms underlying 'maternal programming' in the perinatal period 4 . The gestational environment has also been shown to influence the future metabolic status of offspring 5 ; however, little is known about the embryonic origins of arcuate lineages.
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The two best-characterized arcuate populations-orexigenic neurons expressing NPY (NPY neurons) and agouti-related protein (AgRP) and anorexigenic neurons expressing POMC (POMC neurons)-produce antagonistic effects on food intake in response to nutrient and hormonal signals of peripheral energy status 6 . Signals of positive energy balance, such as leptin and glucose, stimulate subsets of POMC neurons, leading to decreased food intake while inhibiting the release of orexigenic peptides from neighboring NPY neurons 7 . NPY neurons are active when the energy supply is not sufficient to meet systemic demands, releasing AgRP and γ-aminobutyric acid (GABA) to inhibit melanocortin-mediated suppression of food intake 7, 8 . Together, NPY and POMC neurons integrate signals of energy homeostasis to direct physiological processes that regulate proper body weight 9 . We focused our initial efforts on characterizing the ontogeny of NPY and POMC neuronal lineages during gestation because nutrient and hormonal cues influence the formation of NPY and POMC circuits, consistent with the idea that these developmental processes influence future metabolic phenotypes.
Using the GenePaint digital mouse atlas, we found that Pomc expression starts at E10.5 and that Npy expression begins at E14.5. Given the earlier onset of Pomc expression, together with the established lateromedial gradient of hypothalamic neurogenesis 10 , we predicted that the lateral POMC neurons would differentiate before the medial NPY neurons. To determine the birth dates of POMC and NPY neurons in the ARH, we injected dams with a single pulse of BrdU between E11.5 and E16.5 and assessed the retention of the BrdU label by immunohistochemistry at postnatal day 9 (P9) (Supplementary Methods). We observed that the peak birth date of most cells in the ARH is E11.5-E12.5 (ref. 11 and Fig. 1a) ; however, BrdU injections at E13.5 labeled some cells in the lateral ARH (Supplementary Figs. 1 and 2) . Analysis of BrdU labeling in conjunction with Pomc or Npy expression showed that POMC and NPY neurons are born within the same time window, E11.5-E12.5, and that later-born ARH populations are distinct (Fig. 1a-c) .
The shared birth dates of POMC and NPY neurons led us to consider whether the origins of these two antagonistic populations of neurons may be related. We characterized Pomc and Npy expression by twocolor FISH across gestation (Fig. 1d,e) . We first observed Pomc expression in the hypothalamic ventricular zone at E10.5-E11.5; from E12.5 on, expression was restricted to differentiated neurons, consistent with our birth-dating studies (Fig. 1d) . The number of Pomc + cells reached a maximum at E13.5, after which its expression was extinguished in more than half of the population between E14.5 and E18.5 (Fig. 1f) . We did not observe Npy expression in the ventricular zone; we first detected it in laterally situated cells in the rostral aspect of the presumptive ARH at E13.5 ( Fig. 1d) . Subsequently, Npy + cells are predominantly situated in the ventromedial ARH. We did not detect appreciable numbers of apoptotic cells by TUNEL staining (data not shown), which is consistent with the idea that Pomc expression is turned off in a large percentage of immature hypothalamic neurons 12 . These data argue that Pomc expression does not reflect the acquisition of a terminal cell fate. Rather, the gradual extinction of Pomc and progressive onset of Npy represent an ongoing maturation process that extends throughout gestation. Supporting this idea, POMC and NPY neurons do not acquire their terminal peptidergic phenotype until the postnatal period in rodents, as reflected by the gene encoding cocaine-and amphetamineregulated transcript and Agrp expression, respectively 13, 14 .
Pomc-expressing progenitors give rise to antagonistic neuronal populations in hypothalamic feeding circuits Pomc and Npy are expressed in mutually exclusive cell populations in adults 15 , yet we detected Pomc + and Npy + colocalization at midgestation (Fig. 1e) . To substantiate this unexpected finding that a subset of neurons express both Pomc and Npy, we compared the expression profiles of NPY neurons isolated from embryonic and postnatal stages. We used FACS to collect GFP + cells from Npy-hrGFP embryos, which express humanized Renilla green fluorescent protein (hr-GFP) under the control of Npy promoter and enhancer elements 16 . We detected Pomc transcripts by PCR on sorted cells from E14.5 but not from P9 ( Fig. 1g and Supplementary  Fig. 3a,b) . These observations support the idea that during gestation a subset of Pomc-expressing cells can differentiate into NPY neurons.
Next we used a genetic lineage tracing strategy 17 to visualize the mature POMC neuronal population, defined by Pomc expression in adults, in relation to the broad immature Pomc-expressing population in the embryo (Fig. 2) . In this strategy, we used mice with Cre recombinase driven by Pomc regulatory elements to direct the excision of a loxP-flanked stop codon (Pomc-Cre) upstream of a Gfp reporter knocked into the constitutively active ROSA26 locus (R26-GFP). In this way, cells that express Pomc from gestation are permanently marked 18 . To assess Pomc transcriptional activity in conjunction with a GFP reporter, we developed a technique to combine images of direct GFP fluorescence with FISH ( Supplementary Figs. 4 and 5) . When we performed this assay on adult tissue from Pomc-GFP transgenic mice, 95% of Pomc-GFP + neurons also expressed Pomc (Fig. 2a) , validating the sensitivity of this technique 7 . In contrast, only half of the GFP + cells in Pomc-Cre;R26-GFP mice expressed Pomc (Fig. 2b and Supplementary  Fig. 6 ). Pomc-negative GFP + cells in Pomc-Cre;R26-GFP adults probably represent cells that turned off Pomc expression at some point after E13.5. GFP + cell counts in Pomc-Cre;R26-GFP mice were consistently twice as high as those generated by Pomc FISH or direct fluorescence in Pomc-GFP-transgenic mice (Fig. 2d) .
Given our finding that Npy and Pomc colocalize in a subset of embryonic neurons, we considered whether some of the Pomcnegative GFP + neurons in Pomc-Cre;R26-GFP adults are NPY neurons. We detected Npy expression in 17% ± 2% of GFP + neurons in adult Pomc-Cre;R26-GFP mice (Fig. 2b) . We used two strategies to independently verify this observation. First, confocal images of immunohistochemistry on Npy-GFP;Pomc-Cre;R26-LacZ mice confirmed that 25% of NPY (GFP + ) neurons also express the Pomc-Cre lineage trace (β-galactosidase immunohistochemistry) (Fig. 2c,e) . Second, RT-PCR on FACS-purified GFP + cells from Pomc-Cre;R26-GFP mice showed that some cells marked by the lineage trace express Npy (Fig. 2f  and Supplementary Fig. 3c ).
These data provide evidence that a subpopulation of NPY neurons are derived from progenitors that are distinct from other ARH NPY neurons, raising the possibility that they serve different functions within the hypothalamic feeding circuit and, thus, may underlie the known heterogeneous electrophysiological properties of NPY neurons 19 . Although the origins of NPY subpopulations may differ, their subsequent differentiation converges on an orexigenic, GABAergic phenotype, as we found that all ARH NPY neurons express Agrp and the gene encoding glutamic acid decarboxylase-67, a ratelimiting enzyme in GABA synthesis 7 . A key area for future research is to use labeling techniques that distinguish between Pomc-derived and Pomc-nonderived NPY neurons in conjunction with analyses of gene expression profiles, neuronal architecture and electrophysiological properties. Classification of functionally distinct subsets of neurons derived from a Pomc + lineage is crucial for elucidating how hormonal and nutrient signals are sensed by ARH neurons and relayed to downstream targets that regulate body weight and energy homeostasis.
In this study, we have shown that Pomc is transiently expressed by the vast majority of cells in the developing ventral hypothalamus 
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Cell count 50 ( Fig. 1d,f) . During gestation, Pomc transcription is extinguished in more than half of these cells, some of which subsequently differentiate into NPY neurons and some of which adopt alternative terminal fates. Consistent with our FISH analyses, when we used Pomc-Cre; R26-GFP mice to trace Pomc-derived lineages in the adult hypothalamus, we found that half of the GFP-labeled neurons are non-POMC neurons. This Pomc-Cre driver was developed as a tool to investigate the physiological consequences of POMC-specific loss or gain of gene function. As we demonstrated that recombination of floxed alleles is not limited to mature POMC neurons and includes a substantial portion of mature NPY neurons, previous functional studies using this Cre driver should be reanalyzed. Indeed, some functions ascribed to POMC neurons might be mediated by non-POMC neurons that expressed Pomc at one time in development. The observation that several functionally distinct cell types arise from a Pomc-expressing lineage raises the possibility that factors that influence cell fate decisions within the immature population during gestation could permanently affect the neuronal composition of circuits regulating energy homeostasis. Dietary manipulations during gestation have been associated with increased Pomc expression at postnatal stages, supporting the idea that maternal signals can influence the differentiation of the Pomc-expressing lineage 20 . Two major areas for future research are to determine whether specific maternal nutrient or hormonal signals influence the differentiation or the architecture of neuronal lineages in hypothalamic circuits and, if so, to assess how these changes affect metabolic phenotypes in the offspring.
All procedures were performed in accordance with the guidelines of the Institutional Animal Care and Use Committee at the Columbia University Health Sciences Division. Error bars represent means ± s.e.m. (n ≥ 42 sections for each group from n ≥ 6 mice). ***P < 0.0001.
